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Abstract 
The neurotransmitter acetyl choline (ACh) plays a crucial role in both the central and peripheral 
nervous system. Central cholinergic transmission is important for cognitive functions and 
cholinergic disruptions have been associated with different neural disorders. We here tested the 
role of cholinergic transmission in basic cognitive functions, i.e. in prepulse inhibition (PPI) and 
short-term as well as long-term habituation of startle using mice with a 65% knockdown of the 
vesicular acetyl choline transporter (VAChT). These mice are slow in refilling cholinergic 
synaptic transmitter vesicles, leading to a reduced cholinergic tone. PPI has been assumed to be 
mediated by cholinergic projections from the midbrain to the reticular formation. Surprisingly, 
PPI and short-term habituation were normal in these mice, whereas long-term habituation was 
disrupted. This disruption could be rescued by pre-testing injections of the acetyl choline esterase 
inhibitor galantamine, but not by post-testing injections. The lack of a PPI deficit might be due to 
the fact that VAChT knock-down mice show disruptions mainly in prolonged cholinergic 
activity, the transient activation by prepulse processing might therefore not be sufficient to 
deplete synaptic vesicles. The disruption of long-term habituation indicates that the latter 
depends on a tonic cholinergic inhibition. Future experiments will address which cholinergic cell 
group is responsible for this effect.   
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Introduction 
The neurotransmitter acetyl choline (ACh) plays a crucial role in both the central and peripheral 
nervous system. Disruptions in the central cholinergic system have been associated with different 
human disorders, including Alzheimer’s disease (Felder et al., 2001, Mesulam, 2004), autism 
spectrum disorders (Deutsch et al.), and schizophrenia (Barak, 2009, Felder et al., 2001). One 
hallmark in schizophrenia is impaired prepulse inhibition (PPI) of startle.  PPI is a measure of 
sensorimotor gating, referring to the inhibition of the startle response to a sudden intense 
auditory stimulus (pulse) due to prior presentation of a sub-threshold stimulus (prepulse). PPI is 
considered to reflect the ability to actively suppress sensory information from processing. It has 
been used as an assay of sensorimotor gating deficits exhibited by patients with schizophrenia, 
but PPI disruptions have also been reported in patients suffering from Alzheimer’s disease, 
Tourette’s syndrome, Huntington’s disease, or obsessive-compulsive disorder. PPI can 
pharmacologically be disrupted by systemic injections of muscarinic antagonists (reviewed by 
Barak, 2009, Jones & Shannon, 2000b), while systemic nicotine has shown to enhance PPI in 
schizophrenic patients and healthy humans (Kumari et al., 2008, Kumari et al., 2001, Kumari et 
al., 2002, Postma et al., 2006), as well as in different animal models (Acri et al., 1994, Curzon et 
al., 1994, Semenova et al., 2003, Suemaru et al., 2004). PPI of startle has been proposed to be at 
least partly mediated by inhibitory cholinergic projections from the pedunculopontine 
tegmentum (PPT) and laterodorsal tegmentum (LDT) to the startle mediating neurons in the pons 
(Bosch & Schmid, 2006, Bosch & Schmid, 2008, Koch et al., 1993). Besides its descending 
inhibition to the caudal pontine reticular nucleus (PnC), the PPT primarily projects to higher 
brain structures, e.g. the thalamus, substantia nigra and ventral tegmentum dopaminergic neurons 
(Blaha et al., 1996, Fendt et al., 2001a, Steriade et al., 1990, Yeomans, 1995). It was suggested 
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that these cholinergic PPT projections may be responsible for cortical activation and eliciting 
approach behaviours, while inhibiting avoidance behaviours like startle through the descending 
projections (Fendt et al., 2001a).   
Habituation is another form of sensory filtering that is also disrupted in schizophrenia and 
delayed in patients suffering from autism spectrum disorders. Short-term habituation (STH) 
describes the decline of a behavioural response (e.g. startle) to repeated presentation of the same 
stimulus within a testing session, whereas long-term habituation (LTH) describes the decline of 
the first (or the average) response over consecutive testing sessions. Habituation is also 
considered being a basic form of non-associative learning. Whereas STH of startle occurs within 
the primary startle pathway (Davis et al., 1982, Schmid et al., 2010), LTH can be disrupted by 
lesions in the cerebellar vermis (Leaton & Supple, 1986, Leaton & Supple, 1991, Lopiano et al., 
1990). Yet, there is little indication for a role of acetylcholine in habituation of startle (see 
Hughes, 1984).   
Habituation and PPI deficits have been associated with cognitive symptoms in neural disorders. 
The cholinergic system plays a major role in cognitive function, and drugs facilitating 
cholinergic transmission have been developed as cognitive enhancers. Efficient synaptic release 
of ACh depends on its transport into synaptic vesicles by vesicular ACh transporter (VAChT, De 
Castro et al., 2009, Prado et al., 2002). Homozygous VAChT knock-down mice (VAChT 
KDHOM) with a 70% reduced immunoreactivity for VAChT in the brain show decreased ability to 
refill synaptic vesicles (Lima Rde et al., Prado et al., 2006). VAChT KDHOM mice have a 
reduced capability to sustain ACh release and the injection of the cholinesterase inhibitor 
galantamine has previously shown to reverse motor, cardiovascular and memory deficits in 
mutant mice (De Castro et al., 2009, Lara et al., Prado et al., 2006). VAChT KDHOM mice are 
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therefore an excellent model to study the consequences of disruptions in central cholinergic 
function. We here studied the effect of VAChT knock-down on basic cognitive processes such as 
short-term and long-term habituation as well as prepulse inhibition of startle.  
 
Material & Methods:  
Animals: Generation and genotyping of the mice has been described before (De Castro et al., 
2009, Prado et al., 2006). These mice were generated by targeting the 5’ untranslated region of 
the VAChT gene by homologous recombination in a mixed 129S6/SvEvTac (129S6) x 
C57BL/6J background and were backcrossed to C57BL/6Uni (imported from Zentralinstitut fuer 
Versuchstierzucht, Hannover, Germany) for three generations (N3), as further backcrossing 
caused infertility. Therefore, mixed background was maintained in the population by 
preferentially mating animals that were not closely related.  Ten different breeding pairs of 
heterozygous mice were intercrossed to generate the wild-type (wt) and homozygous knock-
down littermates (VAChT KDHOM) used in this study. Male wild-type and VAChT KDHOM 
littermates were maintained in mixed groups of 3-5 animals in the animal facility at UWO 
according to the federal and provincial guidelines for the care and use of animals. They were 
housed in a temperature controlled room and a 12/12h light-dark cycle with light on/off at 7 
am/pm and food and water ad libitum. Animals were tested during the light cycle, and age 
ranged from 2 to 5 months at testing. All experimental protocols were approved by the UWO 
Animal Use Subcommittee.  
Behavioural Testing: For testing of startle responses four startle boxes (Med Associates) were 
used. For an input/output function of the startle amplitude depending on startle stimulus 
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intensity, 12 VAChT KDHOM and 14 wild-type animals were used. PPI and habituation were 
tested using 16 wild-type and 16 VAChT KDHOM mice. Animals were pseudo-randomly assigned 
to one of the boxes. Two days prior to the start of experiments mice were acclimated to the 
startle boxes twice per day for 3-5 min with background noise but without stimulation. For 
measuring habituation and PPI, 3 startle stimuli were presented in the last acclimation session 
and startle responses recorded for determination of the individual optimum gain factors set for 
each animal. This was necessary since absolute startle response amplitudes differed substantially 
between individual animals. Low startle responses were close to the noise level at the default 
gain setting, whereas startle responses in other mice overshot the measuring range (see figure 2). 
The gain factors were then maintained for each animal throughout all subsequent behavioural 
sessions. The STARTLE software (Med Associates) was used to control experiments. During a 
behavioural session, animals first exposed to a 5 min. acclimation period with a background 
noise of 65 dB. Two experimental blocks followed: in block I, 30 startle stimuli of 20 ms 
duration and 105 dB white noise were presented every 20 sec in order to measure short-term 
habituation. In block II, 70 startle stimuli were presented preceded (or not) by a 4 ms prepulse of 
80 dB white noise with 6 different interstimulus intervals (ISIs): 0, 6, 12, 20, 50, 100, and 250 
ms. Each ISI trial was presented ten times in a pseudo-randomized order. The 0 ms ISI trials (no 
prepulse) were measured to assess baseline-startle responses. The startle stimulus amplitude of 
105 dB was chosen since this is the intensity where startle responses reach the maximum 
amplitude (see figure 2). The different ISI were used to address the hypothesis that different 
receptors mediate PPI at different ISIs (see discussion). The behavioural testing was repeated on 
5 subsequent days at around the same time of the day (see supplementary figure).  
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For rescue experiments, 32 (pre-test injections) and 19 (post-test injections) VAChT KDHOM 
mice, as well as 14 wild-type mice were randomly assigned for control (saline) injections or 
galantamine (1 mg/kg i.p.). For pre-test injections animals were injected and returned to their 
home cage. About 10 min later they were placed into startle boxes. For post-test injections, 
animals were removed from startle boxes after the testing, returned to their home cage and were 
then immediately injected (see figure 1). Only the acclimation period and block I were executed 
in the rescue experiments.    
Data Analysis: For the analysis of PPI, the ten 0 ms ISI trials per mouse in block II were 
averaged and set as baseline startle (100%). The ten trials per all the other ISIs were also 
averaged and expressed as percentage of the respective baseline startle (startle amplitude * 
100/baseline startle amplitude). The data was then averaged between animals of each genotype 
and error bars indicate SEM between animals of the same group.  
For analysis of short-term habituation (STH), the 30 startle responses of block I were normalized 
to the average of the first two startle responses of each mouse, averaged over all five days and 
mice per genotype and plotted.  
For analysis of long-term habituation (LTH), the averages of the first three startle responses in 
block 1 were calculated for each animal per day, averaged over mice per genotype/treatment, and 
plotted over the five days of testing. Only the first three startle responses were taken to exclude 
possible effects on STH in LTH analysis. For the diagrams showing the time course of 
habituation over 5 days, the whole data of block I was grouped in blocks of six subsequent startle 
responses in order to avoid noise.  
Unpaired or paired student’s t-tests or two way ANOVAs with repeated measurements and a 
mixed data design were used to assess statistical significant differences. Factor 1 was always the 
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genotype or drug treatment (in rescue experiments), factor 2 was the ISI in the PPI experiments, 
the trial number in STH experiments, and the number of the day in LTH experiments. The 
Microsoft Excel add-in program StatEL (ad Science, France) was used for statistical analysis. 
 
Results: 
 Genotypes did not differ in startle amplitude 
14 wild-type and 12 VAChT KDHOM mice were tested for their startle response amplitude with 
increasing startle stimulus intensities from 65 dB background to 120 dB white noise in 5 dB 
steps. All startle boxes were calibrated to box 1 in order to allow for a direct comparison of 
startle amplitudes. As shown in figures 2A and 2B, the absolute startle response amplitude 
differed substantially between individual mice with high, intermediate, and low startler in both 
groups. A two-way repeated measurement ANOVA with genotype as independent factor and 
stimulus amplitude as dependent factor revealed no effect of the genotype on startle response 
amplitudes (F(1,311)=0.08, p=0.78), a significant effect of the startle stimulus amplitude 
(F11,301)=17.21, p<0.00001, and no interaction of the two factors (p=0.33). Whereas high 
startler overshot the measuring scale, low startler did barely raise the signal above the noise 
level, making it difficult to quantify startle attenuation by PPI or habituation. We therefore set 
fixed gain factors for the platform signal of each animal in all subsequent experiments: gain 
factors for the measured startle response in animals that overshoot at 105 dB in a gain setting 
pre-test (see figure 1 and Material & Methods) were reduced from the default gain of 2 to a gain 
of 1.5. Intermediate startlers kept the gain of 2, low startlers were measured with a gain of 4 in 
order to increase the signal to noise level in these animals. 
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The averages of the three startle amplitudes of each animal from the gain setting pre-tests of the 
following experiments were also used to further compare for absolute startle responses 
amplitudes between genotypes. A students t-test (two-tailed, unpaired) indicated no difference in 
baseline startle response amplitudes between genotypes (p=0.31, n= 16 per group). 
 
Prepulse inhibition of startle 
Prepulse inhibition of startle was tested for different ISIs.  As shown in figure 3, VAChT KDHOM 
mice and their wild-type littermates did not differ in their ability to suppress startle stimuli 
preceded by a prepulse [ANOVA factor genotype: F(1,58)=0.82, p=0.78]. Both groups showed 
an inhibition of startle by around 70% at ISIs between 5 and 50 ms, with a maximum PPI of 75% 
at 50 ms ISI. PPI slightly decreased in both groups at ISIs of 100 ms (66% for wt, 67% for KD) 
and 250 ms [50% wt and 54% KD, ANOVA factor ISI: F(5,58)=11.46, p<0.0001, no interaction 
between factors: F(5,58)=0.84, p=0.84].    
 
Habituation  
Animals were habituated to startle stimuli during the 30 startle trials in block I before they were 
tested for PPI. As shown in figure 4a, both groups of animals habituated to 70-75% percent of 
their initial startle amplitude (as measured as the average of the first two responses) within this 
testing session. ANOVA revealed a significant effect of trial number [F(29,270)=2.98, 
p<0.0001], with no interaction of genotype and trial number effect [F(20,270)=0.75, p=0.82], 
confirming that the genotype did not affect short-term habituation. 
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We then tested for long-term habituation by analyzing the average of the first three startle 
responses over five days. As shown in figure 4b, initial startle responses declined over the course 
of five days to around 50% of the amplitudes in day 1 in wild-type mice. In contrast, mutant 
mice did not show any long-term habituation between sessions. ANOVA revealed a significant 
interaction of the factor genotype and day [F (4,145)=2.518, p=0.045]. The effect is summarized 
in figure 4c, where the courses of short- and long-term habituation over the five consecutive days 
are plotted for each genotype. Both genotypes still show STH, but only the wild-type mice show 
LTH, whereas the mutant mice startle to the same extent at the beginning of each test session.  
 
Rescue of the habituation deficit 
We next tested if we could rescue LTH by galantamine injections into VAChT KDHOM mice 
(1mg/kg i.p.) prior to startle experiments. For this experiment, half of 14 wild-type and 37 
VAChT KDHOM mice were injected with saline and half with galantamine before the gain setting 
test. A two way ANOVA with genotype and injection as independent factors was performed 
on the average of the three startle responses of the gain setting test (equal gains for all 
groups). It did not detect any difference between genotypes or type of injection (genotype: 
F(1,13)= 0.03, p= 0.86; injection: F(1,13)= 3.93, p=0.06; interaction: F(1,13)= 2.74, p=0.11). 
In order to further exclude the possibility that galantamine injections cause a general potentiation 
of startle responses, 16 wild-type and 16 VAChT KDHOM mice were injected with saline after 
two days acclimation to the boxes and startle was tested. On the next day, they received a 
galantamine injection prior to testing startle responses (figure 5a). A paired t-test showed no 
difference in baseline startle amplitudes between saline and galantamine injections in wild-type 
11 
 
(p=0.23) or VAChT KDHOM mice (p=0.27), which matched the result of a mixed two way 
ANOVA with genotype as independent and injection as dependent group. [Injection effect: 
F(1,23)=0.22, p= 0.64).  
For the rescue experiment, we injected the animals over five days, prior to behavioural 
testing. In wild-type animals, a mixed repeated measure ANOVA with injection as independent 
and trial or testing day as within group factor revealed that there was no effect of injection group 
on short-term habituation [interaction injection with trial: F(29, 390)=1.08, p=0.35, figure 5b], 
and no effect of repeated galantamine injection over 5 days  on long-term habituation [interaction 
injection with testing day: F(4,66)=1.54, p=0.2, figure 5c] when compared to saline injected 
animals. We also tested for a difference between injection groups for days 1-5 using a 
paired student’s t-test, which didn’t reveal any differences between saline and galantamine 
injections in wild-type mice either (p= 0.28-0.45). Please note that both injection groups 
seemed to show less STH and LTH than in the previous experiment without injections, probably 
due to the aversive effects of the injection procedure itself (compare figure 5 b-c with figure 4 a-
c). In VAChT KDHOM mice, a mixed repeated measure ANOVA with injection as independent 
and trial or testing day as within group factor revealed there was also no effect of injection on 
short-term habituation [interaction of factor injection with trial: F(29,270)=0.70, p=0.87, figure 
5b]. However, galantamine injected VAChT KDHOM mice showed a decline of their average 
startle responses between days, whereas saline injected animals did not show any LTH, 
confirming the lack of LTH in VAChT KDHOM mice in a second cohort of mice (figure 5d). 
ANOVA confirmed a trend for a difference for an interaction treatment with day 
[F(4,22)=1.33, p= 0.054]. Unpaired student’s t-tests confirmed no difference between 
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injection groups at days 1 (p=0.39), 2 (p=0.08) and 4 (p=0.08), but a significant difference 
between injection groups at days 3 (p=0.01) and 5 (p=0.02).  
In order to test whether the esterase inhibitor has to be present during learning/retrieval or if it is 
sufficient if it is present during the consolidation phase following learning we repeated the rescue 
experiment with the VAChT KDHOM mice, but administered galantamine (or saline) immediately 
after the behavioural testing. As expected, short-term habituation in this group of animals was 
again not affected by the type of injections and animals showed STH comparable to non-injected 
animals (figure 6a, compare fig. 4a). As shown in fig. 6b and c, however, galantamine failed to 
rescue LTH when injected immediately after the behavioural testing session [ANOVA 
interaction factors treatment and day: F(1,159)=0.43, p=0.79]. 
  
Discussion 
VAChT KDHOM mice have a 70% reduced expression of VAChT resulting in reduced 
cholinergic neurotransmission. These mice show a decreased ability to maintain physical activity 
when a prolonged motor function is required such as in the wire-hang test or in a rotarod test, 
whereas heterozygous VAChT KDHOM  mice with a 40% reduction of VAChT immunoreactivity 
are slower in motor learning than their wild-type controls, show impaired object and social 
recognition, but their motor function, olfaction, and spatial memory is mainly unperturbed (De 
Castro et al., 2009, Prado et al., 2006). We here show that VAChT KDHOM mice have normal 
PPI and STH of startle, but disrupted LTH. Surprisingly, our data show that homozygous 
VAChT KDHOM mice do not exhibit lower startle responses than their wild-type littermates as 
revealed by comparison of the i/o relation (figure 2) and the comparison of the pre-test data. 
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Small differences between genotypes, however, would be very difficult to detect given the 
huge variability of startle responses between animals of the same genotype. It still seems to 
be safe to state that the previously reported motor deficits of the VAChT KDHOM did not have 
a major impact on our results. The short startle responses every 20 sec may not be sufficient to 
deplete the cholinergic synaptic vesicles. Indeed, the reported motor deficits are specific for 
prolonged motor function, whereas initial synaptic release and release probability have been 
shown to be normal in these mice (Prado et al., 2006). 
 
 Prepulse inhibition 
The inhibitory effect of a prepulse on the startle reflex is assumed to occur through cholinergic 
PPT projections to the PnC, but descending limbic cortico-striato-pallido-pontine circuitry is 
known to regulate the pontine inhibitory tone. This regulation determines the degree to which the 
prepulse can inhibit the subsequent startle response. The cholinergic system closely interacts 
with dopaminergic systems in striatum therefore it is not clear to what extent cholinergic drugs 
affect the PPI circuitry directly as opposed to PPI modulation through alterations in 
dopaminergic signalling. The expression of normal PPI in VAChT KDHOM mice was a surprising 
result, given the large body of evidence for an important role of cholinergic projections in PPI 
and the reported effects of systemic cholinergic drugs. We tested PPI with different interstimulus 
intervals between prepulse and startle stimuli, since it has been hypothesized that different 
transmitter receptors mediate PPI at different time scales (Fendt et al., 2001b, Jones & Shannon, 
2000a, Jones & Shannon, 2000b, Yeomans et al.). We chose the prepulse intensity that yields 
maximum PPI without causing a startle reaction itself (85 dB), and we varied the ISI from the 
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commonly used 100 ms, to 30 and 50 ms, which are the ISIs yielding maximum PPI in mice, 
plus a very short and a long ISI, in order to make sure that we don’t miss any cholinergic 
contribution. There was no PPI deficiency at any ISI.  However, as with the lack of an effect on 
baseline startle, we cannot exclude the possibility that although cholinergic transmission is 
reduced in the mutant mice, it still might be sufficient for PPI signalling in response to a short 
prepulse every 20 seconds. Furthermore, other neurotransmitter systems contributing to PPI, 
such as GABA (Fendt, 1999, Kodsi & Swerdlow, 1995, Yeomans et al.), could be up-regulated 
and be compensating for the lack of cholinergic transmission in these mice. The unperturbed PPI 
in the mutant mice can therefore not lead to the assumption that ACh plays no role in mediating 
and modulating PPI.         
 
Habituation 
Short-term habituation (STH) of startle is assumed to occur within the primary startle pathway 
which is glutamatergic. More specifically, the glutamatergic synaptic terminals of sensory 
afferent fibres projecting on the startle mediating giant neurons in the PnC are assumed to 
undergo synaptic depression during STH (Schmid et al., 2010, Simons-Weidenmaier et al., 2006, 
Weber et al., 2002). The role of cholinergic modulation in habituation had been investigated in 
the past and it was assumed that STH to external stimuli is not directly modulated by cholinergic 
neurotransmission (Hughes, 1984), which is in accordance with our results. The disruption of 
STH in both treatment groups in the rescue experiment with pre-test injections is likely due to 
the aversive procedure of i.p. injections immediately prior to behavioural testing. Aversive 
stimuli can cause sensitization and fear potentiation of startle that would override the habituation 
15 
 
process. The fact that STH is normal in both groups in the post-test injection rescue experiment 
supports this conclusion. 
Galantamine injections did not enhance baseline startle responses. Although it prolongs the 
effect of acetylcholine, it might not affect the initial startle response amplitude, but rather 
the duration. Most importantly, pre-test galantamine injections seemed to restore LTH in 
VAChT KDHOM mice, although ANOVA failed to show a clear significance with p values 
just slightly above 0.05.  A paired t-test confirmed a significant difference in startle 
amplitudes between galantamine and saline injected VAChT KD HOM mice for days 3 and 
5. This rescue experiment is difficult to perform, since the injection procedure itself leads to 
sensitization, opposing habituation in the following startle test (compare STH and LTH in 
figures 4 and 5), and decreasing the differences between wild-type and VAChT KD HOM 
mice in terms of habituation. LTH disruptions could be rescued only by pre-test injections of 
galantamine, when galantamine was present during acquisition and expression of LTH. 
Unfortunately, unlike in many other learning paradigms, acquisition and expression of learning 
are difficult to separate in LTH experiments. Galantamine did not restore LTH when present 
during consolidation only (post-test injections).  
Little is known about mechanisms underlying long-term habituation (LTH) of startle. LTH can 
be disrupted by lesions of the cerebellar vermis (Leaton & Supple, 1986, Leaton & Supple, 
1991), thus it is an extrinsic modulation of startle that employs cellular substrates different from 
the ones that mediate startle and STH.  There is evidence for a cholinergic innervation of the 
cerebellum (Jaarsma et al., 1997), but it’s connection to the vermis or to LTH is unclear. While 
the cerebellar vermis is important for LTH, the cholinergic PPT projections to the PnC might be 
a downstream effector mediating the inhibition of startle during LTH.  An increase of the 
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cholinergic tone in this projection could mediate LTH. Interestingly, the first injection of 
galantamine seemed to already induce maximum LTH, as opposed to the gradual startle decline 
during normal LTH. This would be expected, if galantamine strongly enhances cholinergic 
activity as opposed to a gradual increase in cholinergic tone during LTH.  A tonic cholinergic 
function would also be more vulnerable to reduced cholinergic neurotransmission in VAChT 
KDHOM mice, as opposed to a transient cholinergic activation during PPI.  
Interestingly, the lack of LTH to startle stimuli in VAChT KDHOM mice is paralleled by a lack of 
habituation to a juvenile intruder in these mice (Prado et al., 2006). Moreover, mutant mice show 
a deficit in object recognition, which could also be explain by a lack of habituation to the 
recently explored object.  It will be crucial to gain more information about the respective 
underlying circuitry and mechanisms in order to elucidate in what way these disruptions are 
connected to each other.   
In conclusion, while PPI and STH were not impaired, the unexpected disruption of LTH in 
VAChT KDHOM mice gives us valuable insights into both, cognitive functions of cholinergic 
neurotransmission as well as mechanisms underlying LTH of startle. Future experiments will 
address whether the LTH deficit is specifically mediated by the cholinergic dysfunction in the 
midbrain (i.e. PPT) or by higher brain areas modulated by the basal forebrain cholinergic cell 
groups, using brain region selective regional knock-outs for VAChT.            
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Figure legends: 
testing days 1- 5:
injection (pre-testing) injection (post-testing)
gain-test
(5 min, 3 stimuli)
acclimation to box
(2-3 x 5min)
acclimation 5 min. block I(30 stimuli)
block II
(70 stimuli)
2-3 pre-testing days:
 
Figure 1: Experimental scheme for testing habituation and PPI  
All animals were acclimatized to the box 3-4 times for 5 min. During the last session they were 
exposed to three startle stimuli in order to set their individual gain factor. At testing day 1, 
animals were placed into the startle box for 5 min, then 30 startle stimuli were presented for 
habituation (block I). Subsequently, another 70 stimuli were presented with or without a prepulse 
in order to measure PPI. In the rescue experiments, injections were done on each of the five 
testing days either before animals were placed into the startle boxes (pre-testing), or right after 
testing when they were removed from the boxes (post-testing). For more details, please see the 
Materials and Methods section.    
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Figure 2: Individual input/output functions–startle response amplitudes in dependence of startle 
stimulus amplitudes- of 14 wt and 12 VAChT KDHOM mice 
After 2-3 acclimation sessions, animals were exposed to 65 dB background noise and increasing 
startle stimulus intensities from 65 dB to 120 dB. No difference in startle response amplitudes 
between genotypes was observed. Both wild-type and knock-out mice reach the maximum startle 
amplitude at around 105 dB, however, there is a considerable variability of maximum startle 
responses between individuals within both groups. While some mice overshoot the measuring 
range, others barely raised the signal above the noise level. In subsequent experiments, gain 
factors for the measured motor response were adjusted according to the following scheme: mice 
that overshoot are measured with a gain of 1.5, intermediate mice are measured with the default 
gain of 2, low startlers are measured with a gain of 4.     
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Fig. 3: Prepulse Inhibition 
Startle response amplitudes to acoustic startle stimulus alone trials and startle stimuli preceded 
by an acoustic prepulse by different time intervals (ISI) as indicated. The average startle 
amplitude of each animal to startle stimulus alone trials was set to 100% and all other responses 
are expressed as percentage of it. Both genotypes, the VAChT KDHOM mice (KD) as well as their 
wild-type littermates (WT), showed an up to 75% reduction of startle by the prepulse with no 
difference between groups (n=16 animals per genotype, error bars indicate standard error of 
mean (SEM)). 
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Figure 4: Habituation  
a: Short-term (in session) habituation to 30 startle stimuli in VAChT KDHOM mice (KD) and their 
wild-type littermates (WT). Startle responses of each mouse of all five days were normalized to 
the average of its first two startle responses. Both groups show habituation to around 75% of 
their initial startle amplitudes. 
b: Long-term (between sessions) habituation of VAChT KDHOM and wild-type mice. The 
averages of the first three startle responses of each day were calculated for each mouse and then 
averaged within genotypes. The startle responses declined over days in WT animals, but not in 
VAChT KD mice. Error bars indicate SEM.  
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c: Course of short- and long-term habituation over five days. For more clarity, 6 consecutive 
startle responses of an animal were always averaged (blocks of 6). The data of each animal was 
then normalized to the value of the first block (=100%). The graph shows that both genotypes 
show short-term habituation at every day, but whereas the overall startle amplitudes decline in 
wild-type animals over the 5 days, startle amplitudes remain at the same level in VAChT KDHOM 
mice, demonstrating the lack of long-term habituation (n=16 animals per genotype in all 
experiments).   
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Figure 5: Partial rescue of long-term habituation by pre-test injections of galantamine 
a: Control experiment testing the effect of galantamine versus saline on baseline startle 
responses. 16 wild-type and 16 VAChT KDHOM mice were acclimated to the boxes and 
underwent the pre-test. They then were exposed to acclimation and block I (habituation) in two 
subsequent days, with saline injection in day 1 and galantamine injection at day 2. The first three 
startle responses of each animal after saline injection were compared to the first three responses 
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after galantamine injections on the subsequent day. There was no effect of injections on baseline 
startle amplitudes in either genotype.  
b: Short-term (in session) habituation to 30 startle stimuli in wild-type and VAChT KDHOM mice 
(WT and KD) injected by galantamine (gal) and in control by saline (sal). Startle responses of 
each mouse were normalized to the average of its first two startle responses. Short-term 
habituation was overlaid by initial sensitization in both genotypes (compare to figure 4a), 
probably due to the aversive process of injection (see Discussion). No differences between 
genotypes or injection groups could be detected (n=23 wild-type and 27 KD mice).  
c: Long-term (between sessions) habituation of wild-type mice following 5 days of saline or 
galantamine injections prior to behavioural testing. The averages of the first three startle 
responses of each day were calculated for each mouse and then averaged within treatment. No 
differences between injection groups could be detected at any of the five days (n=7 wild-type 
mice each group).  
d: Long-term habituation of VAChT KDHOM mice following 5 days of saline or galantamine 
injections prior to behavioural testing. VAChT KDHOM mice that were injected with galantamine 
showed a decline of their startle responses mainly after day 1. Animals injected with saline did 
not show LTH, confirming the previous results (n= 18 KD mice in the saline group and 19 KD 
mice in the galantamine group). 
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Figure 6: Post-test injections of galantamine 
Animals were injected by 1 mg/kg i.p. galantamine immediately after behavioural testing. 
 a: Short-term (in session) habituation to 30 startle stimuli in VAChT KDHOM mice injected by 
galantamine (KD gal) and in control VAChT KDHOM mice injected by saline (KD sal). Startle 
responses of each mouse of all five days were normalized to the average of its first two startle 
responses. Both genotypes show intact short-term habituation (compare to figure 2A). 
b: Long-term (between sessions) habituation of saline and galantamine injected mutant mice. 
The averages of the first three startle responses of each day were calculated for each mouse and 
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averaged within treatment. Both groups of animals showed the same level of startle amplitudes 
over the five days. 
c: Course of short- and long-term habituation over five days. For more clarity, 6 consecutive 
startle responses of an animal were always averaged (blocks of 6). The data of each animal was 
then normalized to the value of the first block (=100%). Both groups of animals showed short-
term, but no long-term habituation over five days (n=10 KD mice with galantamine injections 
and n=9 KD mice with saline injections). 
 
 
 
 
 
